The m olecular structure of 3,5-dimethylbenzoic acid has been accurately determ ined by X-ray crystallography. The crystals are monoclinic, space group P 2 ,/n, with a = 8.165(2), b = 6.992(1), c = 14.422(2) Ä , ß = 93.21(2)°, Z = 4. The structure has been refined by full-matrix least-squares techniques to R = 0.0415 on 1662 counter intensities. The carbon skeleton of the benzene ring has C2v sym metry within experim ental error. The six arom atic C-C bond distances do not differ significantly from each other; some of the internal ring angles, however, deviate from 120° by as much as 2°. A fter correction for systematic effects, such as the asphericities of the electron density distribution and the libration of the molecule in the crystal, the mean arom atic C-C bond distance is 1.401(1) Ä , and the two independent C-CH3 bond distances are 1.509 and 1.511(3) Ä. These values are in outstanding agreem ent with the corresponding rg distances m eas ured by gas electron diffraction in p-xylene (1.400 ±0.003 Ä and 1.512 ± 0.003 Ä , respectively) and mesitylene (1.401 ±0.002 A and 1.509±0.002 Ä, respectively). The deviations of the ring angles from 120° are interpreted fairly well as arising from the superposition of separate, indepen dent angular distortions from each substituent.
Introduction
Substitution of a hydrogen atom of the benzene molecule by a functional group gives rise to m easur able changes of the ring geom etry [2] . In most cases these changes lower the ring symmetry from D6h to C 2v; they affect mainly the a, ß and d angles and the a bond lengths (Fig. 1) . U nlike bond length variations, which are rather difficult to measure accurately, changes of the ring angles can be measured very well by X-ray crystallography and other techniques of structure determ ination [2 c] , and have been more extensively investigated. They appear to depend primarily from the electronic properties of the sub stituent [2] , and their use as indicators of such prop erties has been suggested [3 a] .
In most polysubstituted benzene derivatives the angular distortions of the ring may be interpreted as arising from the superposition of separate effects from each substituent [3] . We have recently shown, however, that significant deviations from additivity may occur in 1,4-disubstituted derivatives, due to cooperative interactions between functional groups with opposite jr-electronic properties [4] , These in teractions cannot occur in 1,3-disubstituted and 1,3,5-trisubstituted derivatives: which should, there fore, obey strictly the additivity rule of angular dis tortions. To provide accurate experim ental data on these systems we have started X-ray diffraction work on a num ber of 3,5-disubstituted derivatives of ben zoic acid. The m olecular structure of 3,5-dimethylbenzoic acid is the subject of the present paper.
An X-ray diffraction study of this compound was reported earlier [5] . The refinem ent was by differen tial synthesis, using 597 reflexions from photographic records. It led to a suspiciously high R factor, 0.19, and to a quite unreasonable geom etry, with aromatic C -C bond distances ranging from 1.297 to 1.493(14) Ä. A new study was therefore mandatory.
Experimental
Colourless tablets were grown from an ethanolic solution of commercial product (A ldrich). A crystal, ca. 0 .3 x 0 .3 x 0 .4 mm3, was m ounted on a Nicolet P 3m diffractom eter (M oK a radiation, graphite m onochrom ator). The crystal system and space group were established from the symmetry and sys tematic absences of the diffraction pattern. Accurate cell param eters were determ ined by least-squares techniques from the m easured 0-values of 30 reflex ions, 0-range 14-21°. Crystal data are com pared in Table I with those obtained by the previous authors [5] . Intensities were m easured in the 6 -2 6 scan mode; the scanning interval was from 26(Kax) -1.2° to 20(Ka2) +1.2°. The scanning speed was varied ac cording to intensity from 0.017 to 0.49° s_1. The background was m easured for a quarter of the scan ning time at each end of the scan. Although the ex perim ent was carried out at room tem perature (296 ± 3 K), the good quality of the crystal used and the rather high melting point of the compound (441-444 K) allowed the collection of an accurate set of intensity data.
Four standard reflexions, m onitored periodically, showed a m inor decrease of intensity (ca. 2% during the entire data collection). The intensities were cor rected for the decrease and for Lorentz and polariza tion effects, but not for absorption [u(M oK a) is 0.091 m m " 1].
3324 reflexions in the 0-range 1.5 -32.5° were measured; 1728 of these, having I > 4 a j, w'ere consid ered as non-zero. (The high threshold prevents the weakest, less precisely m easured reflexions from be ing used in the final refinem ent.) The reflexions of the 1 = 0 layer were measured as hkO and hk0\ av eraging and merging [internal /?(F0) = 0.017] led to a set of 1662 independent observations.*
Structure Determination and Refinement
Preliminary atomic coordinates for non-hydrogen atoms were obtained by direct methods using the M ULTAN system of programs [6 a] . Isotropic and then anisotropic least-squares refinem ent led to R = 0.086. The hydrogen atoms of the benzene ring showed up clearly in a difference synthesis; those of the methyl groups, however, appeared as annular regions of electron density. The carboxylic hydrogen was found to be disordered over two alternative posi tions.
The final refinement was by full-matrix leastsquares techniques, minimizing Z w ( | f o| -A : | Fc|)2. Weights were given according to the function w = l/(a+ fr|F0| + c | f o|2) [7] , with a = 7.3, b = 1.0 and c = 0.137. The methyl hydrogens were introduced in fix ed, idealized positions [r(C -H) = 0.98 Ä , < C -C -H = < H -C -H = 109.5°], corresponding to two pos sible conformations. One of these was chosen so as to fit the maxima occurring in the annular regions of electron density, the other was staggered with re spect to the first. Only the occupancy and a common isotropic B factor were refined for the methyl hydro gens. For the carboxylic hydrogen the param eters refined were the coordinates of two alternative posi tions, the occupancy and a common isotropic B. The num ber of observations per refined param eter was 1662/124 = 13.4. The final R and Rw were 0.0415 and 0.0577, respectively, with all heavy-atom shifts < 0 .1 a .
A "high-0 refinem ent" was also carried out, using only reflexions with sin 6IX > 0 .5 0 Ä -1. Com pared with the "conventional" refinement based on all re flexions this refinement yields atomic positions much closer to nuclear positions, since the contribution of bonding electrons to the scattering of X-rays falls more rapidly than that of core electrons when the scattering angle increases. The weighting function used was the same as for the conventional refine-* The reflexions 020, 101, 103 and 113 were too intense to be measured accurately and were excluded from the data set.
ment. The num ber of observations per refined para m eter was 919/100 = 9.2*. The final R and Rw were 0.0410 and 0.0520, respectively, with all shifts < 0 .1 a. The final atomic coordinates from the two refinem ents are given in Tables II and III The Uj are the r.m .s. amplitudes of vibration along the principal axes of the therm al ellipsoid.
* In this refinem ent the very small contribution of the hydrogen atom s to the structure factors was calculated by introducing them as fixed contributors in the posi tions obtained from the conventional refinem ent. ** F urther details of the investigations on crystal structures may be received at: "Fachinform ationszentrum E ner gie, Physik, M athem atik, G m bH , D-7514 EggensteinLeopoldshafen 2" . The Registry-Nr., CSD 50898, the name of the author, and the reference should be given. Calculations were carried out on the Univac 1100/82 com puter of the University of Rome and on the HP 21 MX m inicom puter of the CNR Research A rea (M onterotondo Stazione), using programs from vari ous sources [6] . The scattering factors used were those of Crom er and M ann [8 a] for the non-hydrogen atom s, and those of H anson, H erm an, Lea and Skillman [8b] for the hydrogen atoms.
Therm al M otion Analysis
The therm al motion of the 3,5-dimethylbenzoic acid molecule in the crystal is strongly anisotropic, with most therm al ellipsoids having their m ajor axes roughly perpendicular to the molecular plane (Fig. 2) . This suggests that the contribution from in ternal vibrations is smaller than that from transla tional and librational rigid-body motions. We have thus carried out a therm al motion analysis in term s of rigid-body m otions, using Schomaker and Trueblood's approach [9] .
The elem ents of the T, L and S tensors have been derived by least-squares techniques from the aniso tropic therm al param eters U ,j of the high-0 refine m ent, using a program written by Gramaccioli and Table IV . The libration of the molecule is m arkedly anisotropic, with the principal axes essentially parallel to those of the inertial tensor (Table IV) . The three principal components of libration are: (i) a "rolling" about the C1---C4 axis, r.m .s. amplitude 5.4°; (ii) a "pitching" about an axis parallel to C3---C5, r.m .s. amplitude 4.1°; and (iii) a "yawing" about an axis perpendicular to the molecular plane, r.m .s. amplitude 2.9°.
The atomic coordinates from the high-0 refine ment have been corrected for libration according to ref. [9] . The effect of the correction on the C -C bond distances is appreciable, 0.005-0.008 Ä. whilst the effect on bond angles is very small, 0.1° or less. 
Results and Discussion
Bond distances and angles from the conventional and high-0 refinements are given in Fig. 3 . The val ues corrected for libration are presented in Table V . The displacements of all atoms from the plane of the benzene ring are given in Table VI .
The benzene ring
The benzene ring of 3,5-dimethylbenzoic acid has C2v symmetry within experimental error (Fig. 3 and Tables V and VI). The lengths of the six aromatic C -C bonds do not differ significantly from each other; the mean value is 1.389(1) Ä* from the con ventional refinement, 1.394(1) Ä from the high-0 re finement, 1.401(1) Ä after correction for libration.
* Throughout this paper total errors are given as error limits; least-squares standard deviations and standard de viations from the mean are given in parentheses as units in the last digit. The latter value compares beautifully with those ob tained by gas electron diffraction for p-xylene, rg(C -C )mean = 1.400 ± 0.003 Ä [10] , and mesitylene, rg(C -C) = 1.401 ± 0.002 Ä [11] , Two separate effects appear to be responsible for the appreciable shortening of the aromatic C -C bond distances obtained by the conventional refine m ent of X-ray crystallography, as com pared with the thermally averaged internuclear distances, rg, ob tained by gas electron diffraction. The first effect is a shift of the centroids of electron density of the car bon atoms towards the ring centre. It is caused by the non-spherical distribution of the valence electrons, and can be rem oved through the high-0 refinement. The second effect is a displacement of the atomic positions towards the principal axes of libration; it can be properly treated if the librational motion is known. Once the two systematic effects have been accounted for, the agreem ent of the bond lenghts produced by the two techniques can be as good as ±0.001 A , unless the geometry of the crystal molecule is perturbed by strong intermolecular in teractions (which is certainly not the case of the non-polar part of the present molecule). Recent results on other benzene derivatives [12] give additional evi dence supporting these ideas. The deviation of the internal angles of the ben zene ring from 120° is most pronounced at C 3, C4 and C5. The values obtained change slightly (up to 0.3°) in going from conventional to high-0 refine m ent, whilst the effect of libration is virtually nil (Table VII) .
In many polysubstituted benzene derivatives the deviation of the ring angles from 120° can be re produced fairly well by superimposing independent angular distortions from each substituent. Values of "angular substituent param eters" describing such distortions (Aa = a -120°, A ß = ß -120°, A y = y -120°, Ad = d -120°, see Fig. 1 ) have been derived by two different groups of authors [3 a, b] from structural data on polysubstituted benzene rings, using linear regression techniques. In the present case the ring angles calculated from the an gular substituent param eters of ref. [3 a ] are in reasonably good agreem ent with the experim ental results (Table V II (Table IV) .
The CH3 substituents
The two methyl groups are slightly bent out of the plane of the benzene ring (Table VI) . The lengths of the two C -CH 3 bonds, 1.503 and 1.505(2) Ä from the conventional refinem ent, 1.501 and 1.503(3) Ä from the high-# refinem ent, are consistent with the mean value of 1.506(2) Ä derived [2 a] from 22 parasubstituted derivatives of toluene studied by X-ray crystallography. A fter correction for libration the two bond lengths become 1.509 and 1.511(3) Ä, again in excellent agreem ent with the values of rg(C -C H 3) obtained by gas electron diffraction for p-xylene, 1.512 ± 0.003 Ä [10] , and mesitylene, 1.509 ± 0.002 Ä [11] .
The CO O H substituent
The carboxyl group is nearly coplanar with the benzene ring (the interplanar angle is 0.4°). The sub stituent shows extensive rotational disorder, with the two alternative conformations having virtually the same population. The geometry of the group is thus very close to C2v symmetry. The length of the C -C O O H bond is in the range of values observed in /?öra-substituted benzoic acids [13] .
The crystal structure
As generally found for arom atic carboxylic acids the molecules of 3,5-dimethylbenzoic acid are hydro gen-bonded in pairs across centres of symmetry. The O -H -O hydrogen bond has a length of 2.637(2) Ä. A projection of the content of the unit cell down b is shown in Fig. 4 . Note how the 101 plane is an approxim ate m irror for the row of molec ules, which is in keeping with the extensive disorder of the carboxyl group.
